Abstract
I. Introduction
Progressive Damage and Failure Analysis (PDFA) methods have been developed for a number of loading applications including static, fatigue, and impact. The technical maturity of these methods is related to the capability of the codes to predict damage for the loading case and is tied to the understanding of the relevant physics for that case. PDFA methods have been shown to be technically mature for a number of static applications including open-hole tension and compression [1] [2] and low velocity impact [3] [4] . Fatigue capable PDFA tools currently require additional analysis and development as intralaminar fatigue becomes better understood. High energy dynamic impact (HEDI) applications also require additional material modeling method development due to a wide variety of material and structural level phenomena that either do not exist at static loading rates or become much more significant due to strain rate effects.
The NASA Advanced Composites Consortium (ACC) seeks to develop PDFA tools to reduce the timeline for certification of new composite aircraft structures. Further, the HEDI Team seeks to develop novel PDFA methods and to create industry standards for best practices for evaluating and using these methods for a variety of high energy impact events. An overview of the NASA ACC HEDI effort including the use of LS-DYNA MAT162, LS-DYNA MAT261, Smoothed Particle Galerkin (SPG), and EMU Peridynamics to HEDI was presented [5] with detailed methods and results for LS-DYNA MAT261 [6] and EMU Peridynamics [7] . The focus of this paper is the comparison of material test methods used to obtain failure properties unique to LS-DYNA MAT162.
LS-DYNA MAT162 [8] [9] is considered an industry standard for prediction of damage during HEDI events with composite material. The model is attractive for this application because it includes material input properties critical to impact performance that many less mature material models do not have. These material input properties include strain rate effects, failure modes only observed at elevated loading rates and a native representation of delamination behavior. MAT162 contains two failure modes that are generally not observed under low loading rates (e.g. static or low energy impact such as BVID). These failure modes are the fiber shear strength (SFS) and the fiber crush strength (SFC).
MAT162 contains a number of physical material properties to represent elastic behavior and to initiate failure, but requires a robust calibration scheme. Several ways to calibrate the post-peak response (often referred to as the softening curves) are proposed including the Quasi-Static Punch Shear Test (QS-PST) [10] and Low Velocity Impact (LVI) [11] in which predictable damage morphologies develop and progress. In order to achieve predictive capability within the desired design space, it is necessary to properly determine the material failure (damage initiation values) properties prior to calibration, however, there are difficulties in determining the SFS and SFC properties.
In this paper, two experimental procedures are examined to determine the failure parameters SFS and SFC for an IM7/8552 tape material system. The SFS and SFC values obtained from these two experiments will be used to populate a MAT162 card, which will subsequently be calibrated to a QS-PST. A comparison will be made between the calibration results, specifically in regard to the effects of the SFS and SFC values used. Finally, best practices and lessons learned will be presented.
II. LS-DYNA MAT162 Material Model Description within PDFA Framework
PDFA methods attempt to develop physics-based constitutive models to accurately describe the response of a composite material at the length scale of interest (e.g. fiber/matrix, lamina, or laminate) [12] . For MAT162, this is performed at the lamina level for either a fabric or a tape material system. The general lamina level offers a relevant length scale for the mechanics and is validated with experimental data. Figure 1 shows the four responses that are included in constitutive models proposed by Razi et al [12] . For the lamina level response, the domain can be discretized into a representative volume element. Of note, the material model presented in Figure 1 gives a comprehensive overview of the material model implementation that is not specific to a method, but rather describes the response in a method,scale or class independent way.
A general PDFA response includes four main regions:
A. Elastic Response: The elastic properties are one of the major inputs for PDFA methods. In general, it is best to characterize all nine elastic properties to provide the highest confidence in the constitutive model, however, assumptions exist to limit the necessary testing (e.g. transverse isotropy for a traditional tape system). B. Pre-Peak Response: The pre-peak response determines how the model represents nonlinearity that occurs as a result of damage at a length scale below the scale of interest. In general, this nonlinearity has been shown to have both elastic/recoverable nonlinearities as well as non-recoverable damage. The sophistication of the constitutive model of the pre-peak response ultimately governs how much of this energy is dissipated or recoverable. C. Failure Criteria: PDFA methods have a number of failure modes that are characterized by failure stresses. In order to know that an element has failed, a relevant failure criteria is necessary for each mode of failure. Many methods have traditional matrix interaction failure criteria, however, in high velocity impact, modemixity laws do not exist or are not fully matured. D. Post-Peak: The post-peak response governs how energy is dissipated from a a representative unit cell after the failure criteria is met. The post-peak response can have one of three forms: 1. Instantaneous energy degradation where energy is instantly removed from the system by element deletion or similar method. Another form of instantaneous energy degradation is through the use of a finite slope of an unloading curve that is not linked to a physical material property. 2. Energy-based degradation where fracture-like processes take place and dissipate the energy through an apparent fracture. This type of degradation uses traction-separation laws in which the area under the curve is equal to the fracture energy in the failure mode of interest.
3. Calibrated energy dissipation where a post-peak softening curve is calibrated to a specific test to represent a range of behaviors such as fiber failure, matrix damage and delamination.
MAT162 is considered a PFA method as it does not include the pre-peak damage accumulation and only contains regions A, C, and D. As a fully 3D method, MAT162 requires all nine elastic constants (region A). MAT162 includes all failure criteria (region C) for the orthogonal tension and compression, the three shear failure modes, and SFS and SFC. Finally, MAT162 has parameters AM1-AM4 that are used for calibration. AM1-AM4 are post-peak numerical softening parameters that are used to calibrate to a material response (region D). These parameters are calibrated to represent energy dissipation as a function of the elastic pre-peak energy for a given volume, and are not directly energy-based nor instantaneous energy degradation algorithms.
Unique to MAT162 are the SFS and SFC failure modes that are generally considered a higher order failure modes that are a result of localization and/or loading rate effects. SFS represents the average transverse shear stress through the thickness of a fiber at the point the fiber fails in pure shear. The MAT162 fiber failure criteria uses a quadratic interaction between fiber shear and fiber tension to determine the onset of damage. For a fiber oriented in the 'aa' direction, SFS is compared to the fiber shear stress obtained by the following equation:
where G is shear stiffness and ε is shear strain.
SFC represents the through the thickness compression stress at which the fiber fails. For a fiber oriented such that the 'cc' direction is through the thickness, SFC is compared to the fiber crush stress obtained by the following equation:
where E is through-thickness axial stiffness and ε is through-thickness axial strain.
Delaminations can be handled in one of two ways. The first way involves using the native delamination feature of MAT162. The MAT162 method requires a mesh which uses three elements through the thickness of each part (lamina) coupled with an element softening scheme to replicate nodal release, however, it is not an energy-based release. Conversely, native tie-break contact can be used between layers that offers a fracture-based release and is a commonly used technique within industry to have one-element-per-ply representation of the damage. For this work, tie-break contact is used; however, it is worth noting that the MAT162 failure criteria does not allow for the ability to turn off the native delamination capabilities. At the completion of the analysis cases, checks were performed to determine if the native delamination had been triggered during the calibration.
Of note, MAT162 is a PFA method that attempts to capture total energy dissipation through an impact event, however, it can be calibrated further to a length scale of interest. There exist coupling coefficients between failure modes for both the fabric and tape material forms; however, the post-peak softening parameters can easily be calibrated to a length scale of interest. It is not uncommon for a MAT162 part to represent a sub-laminate made up of multiple offaxis plies. In addition to losing the coupling of failure modes of interest through the damage mode correlation based on material form, the damage becomes more smeared through the thickness of the sub-laminate and it is therefore more difficult to discern indivual failure modes.
III. Test Methods to Determine Fiber Shear Mode Strength (SFS) and Crush Strength (SFC)
Currently, there are two test procedures that have been proposed to determine SFS and SFC directly without the need for model calibration. The original standard called for a modified QS-PST in which the span-to-punch ratio is set to a predetermined ratio to obtain data for either SFS or SFC. Due to difficulties analyzing the data to determine the material property, a second test was developed known as the Laterally Constrained Compression Test (LCCT). The following subsections outline the test procedures and considerations for each of the methods for determining SFS and SFC. Figure 2 shows a schematic of a typical QS-PST fixture. Of note, there are two critical dimensions: the Punch Diameter, Dp, and Support Span, Ds. The ratio of the support span to the punch diameter is called the span-to-punch ratio (SPR). To determine the fiber crush strength, the SPR is set to 0. This is done by putting a flat plate behind the sample and punching with a standard punch. To determine the fiber shear strength, the SPR was set to 1.1. A test matrix is shown in Figure 3 . Best practices for testing are listed as follows:
III.a Quasi-Static Punch Shear (QS-PS) Test
1. The punch edges should be flat and not rounded with the punch made out of a hardened steel 2. The sample shall be loaded at a rate of 0.05 in./min via actuation of the punch. 3. It is recommended that the test engineer shall perform a minimum of five (5) tests for each of the SPR ratios to obtain the material behavior of interest. 4. For SFS, if delamination is observed, the thickness of the punch lip should be determined to properly determine the shear stress. 5. For SFC, the load-deflection response should be examined for deviations from linearity that is characteristic of a fiber crush.
III.b Laterally Constrained Compression Test (LCCT) Test
A block of material is loaded in compression through the thickness while the transverse direction is constrained as described by Yen and Pankow [13] [14] . A shear band forms through the specimen during failure. The angle of the shear band in conjunction with the ultimate load is used to determine the SFS and SFC strength values. See Figure 4 for a visual of the test setup. Best practices for testing are listed as follows:
1. The sample must be ground flat and parallel to within 0.001" on the sides that are being constrained and loaded. 2. The loads are expected to be high, as such, the fixture should be designed to handle the loads. The fixture must be made from a hardened steel. 3. Sample should be loaded at a rate 0.5 in/min ensuring that the loading punch is square and not contacting the sides of the test fixture. 4. Careful measurements should be taken after failure to determine the fracture angle.
IV. Experimental Results
Experiments to determine SFS and SFC were performed on the IM7/8552 material system for the QS-PST and LCCT test configuration. The QS-PST testing was performed at the Boeing Research & Technology Fast Lean Test Cell located in Tukwila, Washington. The LCCT testing was performed at North Carolina State University's Ballistic Loading and Structural Testing (BLAST) Lab. A comparison of the results is shown in Table 1 which shows that the LCCT testing produced values for SFS and SFC that were 30-40% higher than what was determined by the QS-PS Test. The following sections outline the experimental results and determination of the SFS and SFC parameters.
IV.a Quasi-Static Punch Shear (QS-PS) Test Results
The first series of tests performed were for the SPR=0.0 tests with the fixture backed with a flat plate to create a fully supported span underneath the sample. The load deflection curves for the SPR=0.0 are shown in Figure 5 . Testing did not reveal a clear load drop, however, this behavior is expected as a hydrostatic state of stress is developed underneath the loading head. During the loading, there were characteristic small load drops that are consistent with an individual ply failing through a crush behavior. After each of the load drops, the punch displacement continued to load the panel. The final damage state of a representative IM7/8552 test panel is shown in Figure 6 .
The first ply failure load drop was used in conjunction with the punch contact area to determine the fiber crush stress, SFC. The SFC failure stress is calculated from the following equation:
Where F1st is the load at which the first drop in the curve occurs and APUNCH is the cross sectional area of the punch. The fiber crush stress determined from QS-PST results for the IM7/8552 tape material system was SFC = 160.6 +/-3.7 ksi. Tabulated results of SFC calculations are shown in Table 2 .
The next series of tests performed was for the SPR=1.1 scenario. This SPR ratio is used to determine the strength of the ply by shearing through the thickness. For a tape system, this allows for shearing through the unidirectional ply. The QS-PST fixture was backed with a flat plate with a circular opening of 2.0 in concentric with the center line of the punch. The punch had a diameter of 1.8 in. The load-displacement curves for the SPR=1.1 scenario (Figure 7) show the characteristic response of the material.
Within these curves, there are two points of interest. The first is a characteristic load drop that occurs at a displacement of 0.02 in. This load drop is the result of an internal delamination. After that delamination forms, the plies begin to shear further until the final large load drop is observed. The load drop is consistent with a shear plug being developed and pushed through the back surface. Figure 8 shows a representative sample after failure. From this, it is clear that delamination occurs internally as there is a lip of material present on the shear plug. After failure, the plug pushes all the way through the sample.
At the completion of the test, the thickness of the lip was measured three (3) times using a micrometer. This allowed for determination of the depth of the delamination of as a result of the punch shear testing. These measurements were averaged and the result is shown in Table 3 . This thickness represents the portion of the laminate that fails in membrane tension after the shear plug is formed. So the thickness that fails in fiber shear would be equal to the remaining portion of the laminate thickness.
The peak load prior to the final large load drop is used in conjunction with the thickness measurements of the lip on the shear plug to calculate a shear failure stress, SFS. It is assumed that the large load drop is due to the formation of a shear plug on the punch side of the laminate. The small load increase and subsequent curve runout is the material remaining after the formation of the shear plug undergoing combined membrane tension and punch shear. The SFS failure stress is calculated from the following equation:
Where FPEAK is the peak load from the curve shown in Figure 7 and APLUG is the calculated based on the circumference of the punch and the thickness of the shear plug determined from measured coupon thickness and the resulting lip thickness in Table 3 . The fiber shear stress determined from QSPS test results for the IM7/8552 tape material system was SFS = 38.5 +/-3.0 ksi. Tabulated results of SFS calculations are shown in Table 4 .
IV.b Laterally Constrained Compression Test (LCCT) Test
The determination of the material properties are described in Pankow et al. [13] . At failure, a shear plane forms through the material (Figure 9 ). The plane occurs at a prescribed angle (θ) that is a result of the material properties. Of interest are the state of compression stress (SFC) and the normal and shear components along the shear plane. Figure 10 shows the typical failure response of a tape material, notably the development of a clear shear plane. The crush strength (SFS) is determined from the following equation:
Where F is the maximum force recorded by the load frame and A is the cross sectional area. The normal and shear forces can be determined from the following set of equations: 
V. Preliminary Modeling Results
The calibration of LS-DYNA MAT162 numerical softening parameters begins with correlation of test data to model results of the QS-PST. Typical MAT162 calibration relies on performing QS-PST with both a characteristically thick and a characteristically thin panel. Characteristic thickness, T, is defined as:
A characteristically thick specimen is selected to test because it prodcuces repeatable and predictable sequential failure modes that are representative of those seen in a ballistic impact. Characteristically thin laminates may be tested as well, but tend to experience multiple modes of damage simultaneously and undergo very rapid drops in load which makes calibration of individual softening parameters difficult. Characteristically thin laminate tests do serve well as a low-level validation of the calibration effort that is performed on the characteristically thick laminate. The IM7/8552 tape material system exhibited consistent behavior in the QS-PST with an SPR=4.0 on a characteristically thick laminate, and so the force-displacement results of the (5) test runs were averaged. This was done in order to calibrate to an average response as opposed to doing a calibration to a single data point. Test fixture compliance was measured and accounted for in the development of the average response. Figure 10 shows the raw force-displacement data and the curves representing the average value and the compliance-adjusted average value to be used for correlation.
The QS-PST data of thick laminates is particularly useful for calibrating MAT162 softening parameters AM1-AM4 due to the sequential nature of the initiation and progression of damage modes. Figure 11 shows the average test data used for calibration, and identifies the damage modes and softening parameters associated with each portion of the curve. When performing calibration it is expected that all stress limits will be known values, which limits the variability of the model response to the post-peak calibration of the softening parameters. Due to the sequential nature of damage initiation, progression, and load redistribution it is critical that the model appropriately represent the behavior of the beginning portion of the load-displacement curve before attempting to move to subsequent portions. This ensures that the state of stress and location of damage allows the next mode of damage to occur in the correct location at the correct point in the punch displacement.
The first step of the QS-PST calibration is to adjust the strain softening parameter AM4 to account for the behavior of through-thickness and in-plane matrix damage. The AM4 softening parameter controls the post-peak behavior of elements that have damaged due to in-plane shear, through-thickness shear, and delamination. The associated portion of the punch force-displacement curve affected by AM4 is shown in Figure 11 . The SFS and SFC limit values are expected to be known at this point in the calibration process as they define the initiation point of the second major damage modes. The softening behavior calibrated with AM4 affects the load-carrying capability of elements damaged in shear, and so plays a large role in the load distribution at the initiation point of the next damage mode. Therefore, AM4 has a direct impact on the point at which the SFS and SFC limit values are reached. Figure 12 shows the calibration attempts for the softening parameter AM4 using preliminary estimates for fiber shear stress (SFS=30ksi) and fiber crush stress (350ksi) prior to the availability of test data. Fiber shear failure occurs prior to the first peak in test data. This indicates that the estimated value of SFS=30ksi is too low, as it allows fiber failure to occur prior to the completion of the first matrix-only damage mode in the test. Decreasing values of AM4 enable greater post-peak shear capability after the initiation of matrix damage, which tends to mask the behavior of the low estimated SFS value. Figure 13 shows the calibration attempts for AM4 using SFS and SFC values obtained from LCC testing. The variation in the model result curves shows the sensitivity of the model to the post-peak behavior of one failure mode.
The response of all model runs using various AM4 values in Figure 13 indicates that the values of SFS and SFC are sufficiently high to allow matrix damage and delamination to occur prior to fiber damage. The curve using AM4=4 is promising, as it captures the nonlinear behavior, softens during delamination, then recovers loading up to approximately the same value as the peak seen in testing. For these values of SFS and SFC, further calibration of AM4 values greater than 4 is warranted to evaluate greater amounts of softening due to matrix damage. The next step would be to determine the influence of the AM3 softening parameter, which controls the post-peak behavior of the next sequential damage mode, fiber crush. Figure 14 shows the calibration attempts for AM4 using SFS and SFC values obtained from QS-PS testing. The response of the model runs using various AM4 values in Figure 14 indicates that the value of SFS was slightly too low. Fiber shear damage occurs concurrently with matrix damage and initial delamination failure. The value of SFC is sufficiently high to allow for the accumulation of matrix damage prior to fiber crush damage at the second peak in the curve. The curve using AM4=2 is promising, as it captures the initial nonlinear behavior, softens during delamination, then recovers load up to approximately the same value as the peak seen in testing. However, AM4=2 does not allow for softening to the extent that test data indicates after the first peak. The curve using AM4=4 shows more softening after the first peak, however, it does not quite reach the first peak. The AM4=4 curve also experiences an abrupt load drop prior to reaching the displacement at peak load seen in the test data. For these values of SFS and SFC, values of AM4 between 2 and 4 appear to sufficiently represent the initial behavior of the average QSPS test data. Further calibration is warranted by investigating the influence of the AM3 softening parameter.
The influence of failure stress limits SFS and SFC on model behavior can be even larger than the value of the softening parameter AM4. In the QS-PS test, the fiber shear and/or crush mode of damage follows matrix damage sequentially as the second damage initiation mode. Altering SFS and SFC allows for a large difference in stress distribution at the point of fiber shear or fiber crush damage initiation. A comparison of calibration curves using the various values of SFS and SFC with an AM4 value of 4.0 is shown in Figure 15 . Higher values enable further accumulation of matrix damage prior to fiber damage. Lower values tend to limit the extent of matrix damage prior to fiber damage, as the crush or shear mode initiates earlier. This truncates the peak load with an abrupt load drop.
The QSPS model is also used to calibrate softening parameters AM1-3, and the element erosion parameter E_LIMT in a sequential process. The results of a QS-PST calibration including all softening parameters, AM1-AM4, can be seen in Figure 16 . Element erosion parameters have not yet been calibrated, and so the model run was truncated prior to load runout. The model response is in good agreement with the average test data curve. Both the qualitative and quantitative behavior of the model match the test data well.
VI. Discussion
LS-DYNA MAT162 has been shown to perform well for predicting impact damage on composite laminates in high energy events only if it is calibrated to the length scale of interest. Calibration of multiple softening parameters can be performed using the sequential progression of damage modes typical in QS-PST of characteristically thick composites. All stress limits must be well-defined prior to calibration to ensure that the initiation of each damage mode occurs at the appropriate state of stress. SFS and SFC are stress limits that are unique to MAT162, and typically present themselves as significant modes of failure only in high energy impact events
Obtaining values for SFS and SFC is difficult using quasi-static tests as other more prevalent material damage behavior must be prevented to isolate the damage mode of interest. Two test methods were proposed to obtain SFS and SFC values -QS-PST and LCC.
The data obtained from QS-PST (SPR=1.1) was used to calculate SFS. Of note, the first failure in the coupons was not the failure mode of interest. Each coupon experienced delamination prior to fiber shear failure. This required measuring the thickness of the resultant lip on the failed shear plug to calculate the area of fiber shear failure. The scatter in calculated SFS values was low, SFS = 38.5 +/-3.0 ksi. However, using this value in QS-PST calibration models revealed that fiber shear failure occurred prior to major matrix damage and delamination modes of failure, which indicates that the calculated value is likely too low. To improve future test results using this method, it is desirable to prevent the delamination mode of failure, and to create a stress state in the fibers as close to pure shear as possible. To that end, it is recommended to use a thinner laminate and approach an SPR value closer to 1.0.
QS-PST (SPR=0.0) results do not present a clear point of fiber crush failure, and so the load value at which failure occurs must be selected based on judgment. The load-displacement curves exhibit multiple small load drops of varying magnitudes. These load drops are difficult to associate with a known amount of fiber crush failure, as it is unclear the extent to which the specimen has failed. It is possible that multiple lamina have failed in a small area near the edge of the punch, or that a single lamina has crushed uniformly across the entire area of the punch. Some fiber shear failure is likely occurring at the edge of the punch as well. The scatter in calculated SFC values was low, SFC = 160.6 +/-3.7 ksi. Using this value in QS-PST calibration models revealed that it is reasonable, though likely too low. It is recommended that thinner laminates and a hardened steel punch and backing plate be used to determine the value of SFC.
The SFS and SFS values obtained from LCC testing provided the most encouraging model response during calibration of the AM4 strain softening parameter for MAT162. Processing the LCC test results requires measurement of the failure angle formed by the fracture plane through the specimen. This measurement can be difficult to obtain due to the tendency of the material to crush into powder. The scatter in resulting SFS and SFC values was fairly large, as SFS and SFC were determined to be 52.7±10.5 ksi and 207.6±19.9 ksi respectively. This scatter can be equally attributed to variations in measured fracture angle and maximum load at failure. LCC testing requires the use of hardened steel press and fixturing, as the compression stresses required to fail the specimen are large enough to yield softer materials. It is important to ensure that coupons are machined with flat and parallel edges so that uniform stress states are generated. Where applicable, it is recommended to include digital image correlation on the exposed face of the specimen so that the failure angle may be captured prior to total crushing failure.
Preliminary modeling results showed the influence of SFS and SFC values on the calibration of AM4, generally considered the first calibration parameter for the QS-PST. SFS and SFC should not play a role in the early portion of the curve where AM4 is being calibrated, as the fiber shear and fiber crush damage modes have not occurred at this point in the test. The curves generated using estimated values of SFS and SFC exemplify this behavior. This leads to an improperly calibrated AM4 parameter to overcome the poorly defined SFS and SFC stress limits. The resulting state of damage and distribution of stress is not representative of physical material behavior, and so the predictive capabilities of the progressive failure model fall short as the problem begins to cascade. AM4 calibration model curves generated using SFS and SFC values generated via LCC match well with average QS-PST (SPR=4.0) test data up to the point where AM3 calibration would begin. For future efforts, it is recommended to use LCC testing to acquire SFS and SFC stress limits.
VII. Remarks and Future Work
This paper highlights the difference between two test methods to determine failure strengths that are typically observed only under high strain rates of loading and/or localization. These failure modes are of particular importance because they become critical for proper prediction of ballistic impact performance. This paper shows how the selection of these parameters affects the downstream calibration effort for a fully populated MAT162 card.
Current work being performed under NASA ACC Phase II is utilizing calibrated MAT162 cards to execute pre-test model predictions for a variety of high rate structural and impact loading events. These predictions serve to inform detailed testing configurations, ensuring the desired mode of failure and collection of meaningful data are achieved. Parametric studies are being performed to determine the effects of multiple test variables in an effort to reduce the overall test matrix.
The length scale discussed in the paper is the material model length scale, not the size of the components being modeled. The ABCD framework [12] is lengthscale independent (e.g. laminate, sub-laminate, laminate 
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